ABSTRACT
Introduction
Peculiar Hubble flows (deviations from a global Hubble flow) at large scales are as important as bulk motions in reflecting the underlying density fluctuation of the universe.
But they have not received the same attention as bulk motions have, because the uncertainty of our knowledge about the true Hubble constant H 0 is often larger than the expected peculiar Hubble flows at large scales. One can, however, investigate the variation of the Hubble flow within a sample without knowing the value of H 0 . Moreover, the inferred Hubble flow from galaxy and cluster catalogues that extend significantly beyond 100h
Mpc should be so close to the global Hubble flow that it is meaningful to investigate the pecular Hubble flows within the catalogues.
One such catalogue is that of Lauer and Postman (1994, LP thereafter) which includes 119 Abell clusters out to 15,000 km/sec above a galactic latitude of ±13
• with their brightest cluster galaxies (BCGs) as distance indicators. Lauer and Postman (1992) investigated the linearity of the Hubble flow in the sample, but their analysis cannot directly fit in any theoretical framework to allow specific comparisons. In this letter I will calculate the variation of the Hubble flow in the catalogue using the peculiar velocity field formalism, and show that there is evidence for a negative peculiar Hubble flow at the 2σ level within a sphere of 60h −1 Mpc around us, contradicting speculations that we live in a large-scale underdense local universe (see for example , Wu 1995; Shi, Widrow & Dursi 1996) . I will also comment briefly on its implication and what is needed to improve the peculiar Hubble flow investigation.
Formalism
The peculiar Hubble flow and the bulk motion of a sample can be obtained by maximizing the likelihood (Kaiser 1988 (Kaiser , 1991 )
where r q is the position of an object in the sample, S q its estimated line-of-sight peculiar velocity with an uncertainty σ q . U (= U iri , i = x, y, z) is the bulk motion of the sample, and δH is its peculiar Hubble expansion rate. Maximizing L(U i , δH) with respect to U i and δH gives
and
where
S q is related to the real peculiar velocity field v(r) by
where ǫ q is a gaussian random variable with an uncertainty of σ q . Therefore,
The first term is the noise-free contribution from density fluctuations
while the second term represents the contribution from noises in data.
The window function in eq. (7) W (r) =
Its Fourier transform is
The expected r.m.s. peculiar Hubble flow for the sample is
In linear theory, δH
From eq. (5) and (6)
If the true Hubble constant is uncertain and one wishes to investigate the variation of the Hubble flow within the sample, it is more appropriate to calculate the r.m.s. deviation of the Hubble flow of a subsample (with a rate H 2 ) from the Hubble flow of the whole sample (with a rate H 1 ). Thus
Subscript "1" refers to quantities of the entire sample, and subscript "2" refers to those of the subsample.
Peculiar Hubble Flows in the LP Catalogue
Lauer and Postman's Abell cluster catalogue is a volume-limited sample that includes 119 Abell clusters within a redshift of about 0.05, and a galactic lattitude above 13 degrees on both hemispheres. The standard candle is taken to be the luminosity L of the brightest cluster galaxies as a function of the second parameter α, the power index of L as a function of the aperture. The distance to a BCG is taken to be its cosmological redshift 1 , i.e.,
where H 1 is the Hubble expansion rate defined by the sample. The estimated line-of-sight peculiar velocity is
where M q is the absolute magnitude of BCG q, and M * (α q ) is the magnitude of the standard candle at α = α q .
When applying eqs.
(1) to (5) to the Lauer and Postman's catalogue, because M q and α q depend on r q and thus U i and δH, one has to iterate eqs. (1) to (5) However, if one simply follows LP's way of calibrating M * (α), redefining δH to zero cannot be done because the non-linear relation between S q and M * (α q ) − M q always skews S q to the negative radial direction when M * (α) is calibrated by regression from the M-α distribution. In this case, an unphysical δH/H 0 of −1.2% will always result for the sample, regardless of the value of H 0 .
There are at least two ways to get rid of the unphysical δH and set δH of the entire sample to 0: (1) one can calibrate M * (α) by regression from the (S q /cz q )-α distribution (my calculation shows that the resulting S q /cz q residual is gaussian with a standard deviation of 0.166 at 6% C.L.); (2) one can use the linear approximation
In the first approach, I get for the sample, U x = 528 ± 309 km/sec, U y = −272 ± 310 km/sec, and U z = 607 ± 247 km/sec.
Using the second approach, the result is U x = 520 ± 302 km/sec, U y = −196 ± 310 km/sec, and U z = 642 ± 234 km/sec. U y being the most uncertain component, shows the biggest variation. δH/H 1 in both cases converges to zero to a high precision.
Once M * (α) is calibrated, one can calculate the variation of the Hubble flow within the sample. Figure 1 shows the variation with 2σ error bars vs. the size of the subsamples.
Each subsample is defined to be the N (ranging from 6 to 119) clusters closest to us, with its size being the distance to the furthest cluster of the subsample. The errors of the variation are estimated from the second term of eq. (13). I have also used Monte Carlo simulations to estimate the error of δH and found consistency with eq. (13). In the first approach, I have added a random radial motion of 300 km/sec due to local non-linearities to S q . In the second approach, no such random motion is added. But in any case, the effect of the random motion is negligibly small because of the depth of the sample. Both approaches show evidence for negative δH/H 1 within a radius of ∼ 60h −1 Mpc at the 2σ level, with amplitudes ≈ −0.2 and errors ≈ 0.1. The deviation of H 1 -the Hubble expansion rate of the entire sample-from the true Hubble constant H 0 is, on the other hand, very small. For a range of models shown in Table 1 , calculations based on eqs. (10) to (12) Hubble outflow due to the missing low brightness galaxies. This is apparently not the case with LP's catalogue because it is volume-limited. Secondly, the estimated peculiar velocity depends on the deceleration parameter q 0 assumed. But for a catalogue extended only to z ≈ 0.05, the resultant radial peculiar velocity is only changed by ∼ < 1% if the true q 0 is changed by 0.5. Since the standard candle in LP's catalogue is established internally, influenced mostly by outlying clusters, the effect on the peculiar Hubble flow of inner clusters is ∼ < 1%. A third bias comes from the random peculiar velocities of BCGs due to local non-linearities which tend to scatter more BCGs to lower measured redshifts than to higher redshifts. But given a typical value of this random radial velocity of 300 km/sec, the velocity bias introduced on the 6000 km/sec scale is only 0.5% (LP). A new bias introduced in my second approach is the linear approximation of S q as a function of M * (α q ) − M q .
Given typically S q ∼ 0.17cz q , this linear approximation only bias S q at ∼ 1% level. Also, the direction of this bias is to increase δH/H 1 , explaining the fact that the negative δH/H 1 in approach 2 is slightly less significant than that in approach 1.
An important concern is whether the BCGs of the inner Abell clusters belong statistically to the same population of the entire BCG sample. Table 2 shows the statistical properties of the inner BCG subsamples in question and the entire BCG sample. They are consistent statistically. Therefore, in short, none of the factors mentioned above seem to significantly affect the level of confidence of the inferred negative peculiar Hubble flow within 60h −1 Mpc.
Discussion
Peculiar Hubble flows within a catalogue can be compared with model predictions to discriminate among cosmological models. But for the most part of the LP catalogue, the inferred peculiar Hubble flows are consistent with 0 within 2σ. For the subsamples that do seem to exhibit none-zero peculiar Hubble flows at the 2σ level, my calculations show that they are consistent with predicitons of all models in Table 1 within the 2σ level, and therefore have very little discriminating power. This lack of more significant peculiar Hubble flow detections in LP's catalogue is due to two short-comings of the catalogue: (1) its sparse sampling; and (2) its large uncertainties in distance measurements (17%). On the other hand, more densely sampled catalogues with a similar level of distance accuracy such as Mark III catalogue (Willick et al. 1996) do not extend far enough to ensure its underlying Hubble flow is sufficiently close to the true Hubble flow; while the catalogue based on Type Ia supernovae (Riess, Press, & Kirshner 1996) has enough accuracy in distance measurements (∼ 5%), extends to far enough distance (> 200h −1 Mpc), but is even more sparsely sampled than LP's Abell cluster sample. Figure 2 shows a plot similar to figure 1 for the sample of 20 Type Ia supernovae (SNe) of Riess et al. (1996) 
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